Epidemiologic data suggest that maternal microbial infections may cause fetal neurodevelopmental disorders, potentially increasing susceptibility to heavy psychopathologies such as schizophrenia, schizophreniform disorder, autism, pervasive developmental disorders, bipolar disorders, psychosis, epilepsy, language and speech disorders, and cognitive impairment in adult offspring. However, the molecular pathomechanisms underlying such a relationship are not clear. Here we analyze the potential role of the maternal immune response to viral infection in determining fetal brain injuries that increase the risk of neurological disorders in the adult. We use influenza infection as a disease model and human axon guidance pathway, a key process in the formation of neural network during midgestation, as a potential fetal target of immune insults. Specifically, we examined influenza A H1N1 hemagglutinin (HA), an antigenic viral protein, for amino acid sequence similarity to a random library of 188 axon guidance proteins. We obtain the results that (1) contrary to any theoretical expectations, 45 viral pentapeptide matches are distributed throughout a subset of 36 guidance molecules; (2) in 24 guidance proteins, the peptide sharing with HA antigen involves already experimentally validated influenza HA epitopes; and (3) most of the axon guidance vs HA peptide overlap is conserved among influenza A viral strains and subsets. Taken together, our data indicate that immune cross-reactivity between influenza HA and axon guidance molecules is possible and may well represent a pathologic mechanism capable of determining neurodevelopmental disruption in the fetus.
Introduction
Little information exists about the molecular basis underlying schizophrenia. Abnormalities in neurotransmitters (eg, dopamine, 5-hydroxytryptamine, glutamate, and gamma amino butyric acid systems), [1] [2] [3] [4] intracellular cytoskeletal assembly, 5 and synapse-associated proteins 6, 7 have been thoroughly studied, but attempts to unequivocally relate schizophrenia to alterations in specific molecules are unsatisfying. The old dopamine hypothesis of schizophrenia 1 turned toward a more complex context, involving neurotransmitter interactions and neurocircuits. 8 Also, in many cases, genetic mutations and polymorphisms of genes putatively associated to schizophrenia do not appear related to an increased risk for schizophrenia. [9] [10] [11] [12] [13] [14] [15] [16] Likewise, autism and an ample category of autism-like disorders are of unknown etiology. [17] [18] [19] Several hypotheses have been advanced to explain risk for autism, pervasive developmental disorders, speech or language impairment, Asperger's syndrome, and Rett syndrome. Genetic factors [20] [21] [22] and prenatal exposure to ultrasounds, 23 environmental stress, 24, 25 and microbial infections, [26] [27] [28] [29] have been invoked as risk factors that can disrupt fetal brain development. However, notwithstanding worldwide extensive and intensive research efforts to solve the mystery of autism and autism-like pathologies, science and medicine are still facing a lack of knowledge of the molecular basis of such neurodisorders. [17] [18] [19] Actually, it seems that the primum movens in autism and schizophrenia is not related to a single molecule or lesion but might deal with a defective neural connectivity originating during neurodevelopment [30] [31] [32] as a result of prenatal insult(s). 33 In particular, an association between prenatal viral influenza infection and an increased risk for autism and schizophrenia in the adult offspring has been repeatedly studied, [33] [34] [35] [36] [37] [38] and maternal immune activation during pregnancy, rather than direct infection of the fetus, has been advanced as a possible causative insult. [39] [40] [41] [42] The time of exposure to influenza virus has been invoked to be a critical factor, and a risk of schizophrenia in humans appears to be higher for influenza exposure from early to midgestation. 33, 39, 43 Accordingly, in an experimental model of prenatal exposure to human influenza virus in mice, Fatemi and colleagues 37, 44 demonstrated that abnormal changes occur in the offspring following influenza infection at E9 (which corresponds to the middle of the first trimester in humans), 37, 45 E16 (which corresponds to the middle of the second trimester in humans), 46 and E18 (which corresponds to late second trimester in humans). 38 The extent of aberrant changes was higher in offspring of E16-infected mice, thus suggesting that infection during middle second trimester leads to heavier effects in the exposed offspring than during middle first or late second trimester. 46 On the other hand, in spite of the epidemiologic and experimental evidence that prenatal exposure to influenza infection may be linked to autism, schizophrenia, and other neurological alterations in the childhood, [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] the mechanicistic role(s) of influenza infection in the etiology of such disorders remain to be elucidated. 33 In the last decade, the possibility of accessing complete human and microbial proteomes provided a new platform for dissecting the host-virus relationships at the phenetic peptide level. [47] [48] [49] [50] Indeed, sharing of peptide modules between microbes and the human host may prelude to a subversion of host cellular processes and immune responses. [49] [50] [51] [52] [53] Hence, analysis of the shared motifs and of the proteins involved in the overlap may help identify altered cellular functions and associated (immune)pathologies and, possibly, open the way to new preventive/therapeutic approaches [54] [55] [56] [57] [58] and more specific diagnostic tools. 58 In exploring the hexapeptide identity platform between the influenza A H5N1 and Homo sapiens proteomes, it was found that peptide sharing involves human proteins such as reelin, neurexin I-α, myosin-IXa, Bardet-Biedl syndrome 10 protein, Williams syndrome transcription factor, disrupted in schizophrenia 1 protein, amyotrophic lateral sclerosis 2 chromosomal region candidate gene 17 protein, fragile X mental retardation 2 protein, and jouberin. 48 That is, the influenza A H5N1 polyprotein-vs-human proteome peptide overlap involves human antigens that, when altered, have been reported to be potentially associated with multiple neurological disorders that can include autism, schizophrenia, epilepsy, amyotrophic lateral sclerosis, and sensorineural deafness.
According to this line of research, to understand how maternal immune activation during pregnancy might cause neurodevelopmental alterations and result in psychopathologies in the offspring, in this study we analyzed the pentapeptide overlap between influenza A H1N1 hemagglutinin (HA), a highly antigenic protein, 55, 59 and human proteins associated to the axon guidance pathway. In fact, guidance molecules have important roles in neurodegenerative diseases during neural development. 60, 61 Moreover, the relationship between prenatal infection and risk of neurological disorders seems to be temporally circumscribed to midgestation, 33 ,39,46,62 a time frame coincident with guidance protein expression (~16 week of gestation). 63 We searched HA and axon guidance molecules for common pentapeptide motifs because the optimal amino acid (aa) length of a B-cell epitope is 5 aa. [64] [65] [66] [67] [68] [69] Likewise, scientific literature indicates that 5 residues may represent minimal antigenic determinants in T-cell epitopes, [70] [71] [72] [73] [74] [75] and numerous pentapeptide epitopes able to bind major histocompatibility complex molecules and induce T-cell proliferation have been described. [76] [77] [78] [79] [80] [81] [82] [83] [84] [85] [86] Therefore, pentapeptide sharing between the viral protein and axon guidance proteins might be indicative of potential immune cross-reactions.
Here, we report that HA and axon guidance molecules have a vast pentapeptide overlap that quantitatively exceeds the expected values and qualitatively is endowed with an immunological potential. Our findings support the hypothesis of an immune basis for increased risk of schizophrenia, autism, and other psychopathologies in the offspring following influenza prenatal infection.
Methods
HA protein sequence, UniProtKB/Swiss-Prot accession number: Q67010, 565 aa long, from influenza A H1N1 virus (National Center for Biotechnology Information Taxonomic identifier: 382845, isolate A/ swine/Cambridge/1939) was analyzed for pentapeptide sharing with human axon guidance proteins as follows. First, a viral pentapeptide library was constructed by dissecting the HA primary sequence into pentapeptides offset by 1 residue, ie, MKARL, KARLL, ARLLV, RLLVL, etc. Then, each of the final 561 pentamers was analyzed for occurrence(s) within a library consisting of primary sequences of human proteins involved in axon guidance pathway. To eliminate possible bias in the analysis, the axon guidance library was constructed at random using UniProtKB Database (http://www.uniprot.org/) 87 and utilizing the following 5 key words: axon, guidance, proteins, homo, sapiens. The key word-guided search produced 188 human protein entries (see table 1) that directly or indirectly relate to axon guidance pathway and are of different length from 93 aa (SDF1) to 4640 aa (MYCB2) for a total of 176 648 aa. Axon guidance proteins are reported as UniProtKB/Swiss-Prot entry names throughout the article, unless when discussed in detail. Any viral occurrence in the set of guidance proteins was termed a match. Proteins hosting viral match(es) were recorded by UniProtKB/Swiss-Prot entry name and briefly described.
The 2 libraries were searched for aa groupings that were common sequences using pentapeptides as probes. As discussed above, a pentapeptide can be a sufficient minimal determinant for epitope-paratope interaction and thus can act as an immune unit and play a crucial role in cellular immunoreactivity and antigen-antibody recognition. 92 was used to search for influenza A HA-derived B-and/or T-cell epitopes raised in the human host. Table 1 lists the 188 human guidance molecules derived from UniProtKB databank and analyzed for exact pentapeptide matching to HA protein (UniProtKB/SwissProt accession: Q67010) from influenza A H1N1 virus, isolate A/swine/Cambridge/1939. The viral protein was chosen based on the following criteria: (1) known to belong to an influenza strain (swine/Cambridge/1939) that had been studied in the context of the relationship between schizophrenia and the occurrence of influenza epidemics 93 and (2) of significant antigenic and immunogenic impact. 55, 59 Pentapeptide matching to influenza A H1N1 HA protein was carried out as follows. A pentapeptide library of 561 pentamers overlapped by 4 residues was created for influenza A H1N1 HA protein; then, a protein library was created by downloading aa sequences of the 188 guidance molecules listed in table 1 from UniProtKB database. Each viral pentapeptide from the first library was used to search for instances of the same pentapeptide in the axon guidance protein library, and the protein(s) sharing the match(es) were recorded.
Results

Pentapeptide Sharing Between Influenza A H1N1 HA and Human Axon Guidance Proteins
The final data on the peptide sharing are reported in table 2. It can be seen that 36 out of the 188 guidance proteins listed in table 1, collected as described under Methods, have pentapeptide matches to HA. Exactly, 45 viral pentapeptide matches are distributed throughout 36 human proteins related to human axon guidance pathway. The 36 axon guidance proteins are briefly described under  table 2 94-135 (further details and related references are available at http://www.uniprot.org/). The pentapeptide matching pattern varies, with guidance proteins sharing 2 matches (ANK2, AP2A2, CO6A3, FARP2, FES, GLI2, KS6A1, KS6A2, MYCB2, NFASC, ROBO1, and SEM6A) or even 3 matches (AP2M1 and FEZ2) with HA protein.
Number of Occurrences of HA Pentapeptide Matches in Human Axon Guidance Proteins Is Independent of the Protein Length
Mathematically, the number of times a perfect n-peptide match might occur at random in 2 proteins is directly proportional to the product of the protein aa lengths and inversely proportional to the number of possible aa (20) raised to n. In the present case, for a protein to have a Table 1 Note: Proteins are given as UniProtKB/Swiss-Prot entry names and listed in alphabetical order with aa length in parentheses. Hence, it has to be observed that, as an average value, the comprehensive overlapping extent reported in table 2 (equal to 45 pentapeptide matches) is about 1.5-fold higher than the theoretical value.
In addition, it is of interest that HA pentapeptide matching varies among the 36 guidance molecules listed in table 2 independently of the protein length (figure 1). In fact, short polypeptides such as FEZ2 and AP2M1 (353 and 435 aa, respectively; see table 1) have up to 3 HA pentapeptide occurrences (table 2) . That is, the actual values are respectively higher 48 and 39 times than the theoretical ones. The theoretical number of HA pentapeptide matches for each of the 36 human axon guidance proteins, which are listed in table 2 and range from 192 aa (RAC1) to 4640 aa (MYCB2), is reported in figure 1A . The ratio between theoretical and actual HA pentapeptide matching is shown in figure 1B . On the whole, figure 1 shows that, mostly, the actual number of HA pentapeptide matches in the 36 human axon guidance proteins is independent of the protein length.
HA-vs-Axon Guidance Peptide Overlap Is Highly Conserved Among Influenza A H1N1 Viral Strains
Next, we investigated whether the pentapeptide commonality with human guidance molecules was a property unique figure 2 . It can be seen that the HA-vs-axon guidance peptide overlap described in table 2 is highly conserved among influenza A H1N1 strains, even at the heptapeptide level (see the EELREQL heptapeptide shared with FEZ2). In other words, the HA peptide sequences shared with guidance molecules and derived from an influenza strain that characterized a H1N1 swine infection in 1939 are highly conserved in influenza A H1N1 strains that temporally succeeded from 1918 to 2007, are present in different world geographical areas, and have been responsible for infections in humans and other hosts (birds, pigs, camels).
Similar data of conservativeness were found in examining other influenza A subtypes (data not shown).
The Pentapeptide Overlap Between HA and Guidance Proteins Has an Immunologic Potential
As discussed under Introduction, neuropathologic diseases such as autism, schizophrenia, bipolar disorder with 29, [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] Aiming at understanding the molecular mechanism(s) linking antiinfluenza maternal immune response(s) and fetal brain insult(s), we proceeded trying to determine the immunologic potential of the HA-vs-axonal proteins pentapeptide overlap described in table 2, and figures 1 and 2.
For this purpose, we investigated the potential crossreactivity among influenza A epitopes and human axonal guidance molecules using IEDB (www.immuneepitope. org), a public database developed to classify epitope data that had been experimentally validated and controlled in a number of research laboratories worldwide. 92 Specifically, the IEDB database was searched for B-and T-cell peptide epitopes derived from influenza A H1N1 HA, targeted by human humoral and/or cellular response(s), and sharing pentapeptide(s) with axon guidance molecules (see table 2 ). The results obtained following the IEDB search are reported in table 3. It can be seen that 24 out of the 45 pentapeptides shared between HA and axon guidance proteins are, sometimes repeatedly, present in 42 influenza A H1N1 HA-derived epitopes as consecutively overlapping and/or adjacent pentapeptide sequences as exemplified in epitope ID 798, ADYEELREQLSSVSS, and epitope ID 80050, TGLRNIPSIQSRG (with peptide fragments shared between HA and guidance proteins given in italics). Data similar to those reported in table 3 were also found in B-and T-cell epitopes derived from other influenza A subtypes (data not shown).
In short, table 3 suggests that 24 fundamental axon guidance molecules (ARHGB, ARHGC, CLAP2, CO4A3,  CO6A3, DCC, EFNB1, FARP2, FES, FEZ2, FGFR,  GFRA1, ITA2, KS6A1, KS6A2, NFASC, NRX3A,  PSD95, RAC1, ROBO1, ROCK2, SEM4F, SEM6A, and  SLIT1; see table 2 for a brief protein description) are potentially hittable by cross-reactions following human immune responses against influenza A H1N1. In this regard, it is pertinent to note that autoantibodies against neurofascin (UniProtKB/Swiss-Prot entry: NFASC, an axon guidance protein that shares a pentapeptide with the HA epitope IEDB ID 79792, see tables 2 and 3) result in axonal injury. 136 Moreover, it has to be noted that table 3 describes only linear epitopic sequences. Actually the issue of conformational epitopes might add to the cross-reactivity potential illustrated in tables 2 and 3. As a matter of fact, a search through IEDB epitopes shows, eg, that the discontinuous HA epitope, S 
Discussion
This study demonstrates that anti-HA humoral and/or cellular immune responses that follow influenza A H1N1 infection in humans have the potential to cross-react with human axon guidance molecules. In the context of our random guidance molecule selection, such a potential immunologic cross-reactivity involves 24 crucial guidance proteins (ARHGB, ARHGC, CLAP2, CO4A3, CO6A3,  DCC, EFNB1, FARP2, FES, FEZ2, FGFR, GFRA1,  ITA2, KS6A1, KS6A2, NFASC, NRX3A, PSD95,  RAC1, ROBO1, ROCK2, SEM4F, SEM6A, and SLIT1;  see table 2 [138] [139] [140] [141] involved in deciphering and modulating the dynamic neuronal signaling in neurons important for learning and memory. 142 Moreover, overexpression or depletion of PSD95 changes the ratio of excitatory to inhibitory synapses in hippocampal neurons. 111, 112, [143] [144] [145] [146] Hence, it is feasible to hypothesize (and address research to verify) that an immune attack against PSD95 might disrupt interaction(s) with TMEM16B and alter the mechanisms of learning and memory, thus generating learning disabilities as pathologic consequences. -FGFR1 (or Fibroblast growth factor receptor 1) is required for normal mesoderm patterning and correct axial organization during normal development of the gonadotropin-releasing hormone neuronal system; [147] [148] [149] [150] [151] -ROBO1 (or Roundabout homolog 1) is a receptor for SLIT1 and SLIT2 and acts as molecular guidance cue in cellular migration, including axonal navigation at the ventral midline of the neural tube and projection of axons to different regions during neuronal development. 114, 115, 152, 153 In essence, an immune response against influenza A infection may cross-react with FEZ2, PSD95, FGFR1, ROBO1 and other crucial guidance proteins, in this way disrupting fundamental molecular interactions in the developing brain. Later, infection(s) with (or vaccination protocols against) different influenza A H1N1 strains or A subtypes might evoke immune responses cross-reactive with the same epitopic targets already damaged during the fetal life. Indeed, as discussed above (see also figure 2) , sequence analyses and epitope-coverage information reveal highly conserved protein regions in influenza strains that can be recognized by the human immune system as possible targets for inducing cross-reactions. 154 Moreover, cross-reactivity as a pathogenic mechanism linking maternal infections and neuropsychological disturbances in the future adult appears feasible considering the experimental evidence emerged from the many well-known data according to which, eg, (1) short synthetic peptides may define T-cell influenza epitopes 155 ; (2) an exceptionally broad pattern of immunodominance characterizes the primary HLA-DR1-restricted CD4 T-cell response to influenza virus HA in HLA-DR1 transgenic mice 156 ; and (3) a high level of cross-reactivity exists between an influenza virus HA-specific CD4+ T-cell clone derived from a patient with multiple sclerosis and 14 influenza HA variants, 11 viral, 15 human, and 3 myelin-derived peptides. 157 Thus, the present data might also represent a clue to investigate the origin and nature of brain reactive autoantibodies that have been repeatedly detected and hypothesized to play a role in neuropsychiatric disorders. [158] [159] [160] [161] [162] [163] In this framework, our findings indicate that influenza infections and, obviously, antiinfluenza vaccination have the potential to cause neuropathologies because of the extensive influenza-vs-human peptide commonality. 164 This study might help disentangle the intricated and mysterious context of the risk of autistic and schizophrenic disorders following maternal infections, thus also addressing the issue of influenza vaccination during pregnancy. Indeed, using sequence uniqueness as a criterion for constructing anti-influenza vaccines would eliminate potential autoimmune crossreactions. 48, 55, 164 More in general, this study represents a methodological approach to dissect the links between microbial infections and neuropathologies at the molecular level.
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